We produced 102 randomly amplified polymorphic DNA (RAPD) markers mapped on all 12 chromosomes of rice using DNAs of cultivars Nipponbare (japonica) and Kasalath (indica) and of F2 population generated by a single cross of these parents. Sixty random primers 10 nucleotides long were used both singly and in random pairs and about 1,400 primer-pairs were tested. Using both agarose gel and polyacrylamide gel electrophoresis enabled us to detect polymorphisms appearing in the range from <100 bp to 2 kb. The loci of the RAPD markers were determined onto the framework of our RFLP linkage map and some of these markers were mapped to regions with few markers. Out of the 102 RAPD markers, 20 STSs (sequence-tagged sites) and STS-specific primer pairs were determined by cloning, identifying and sequencing of the mapped polymorphic fragments.
Introduction
Genetic markers with sequence information, such as STSs, are very useful for constructing a physical map and for map-based cloning of genes of interest. Polymerase chain reaction (PCR) primers can be designed based on the sequence to amplify the mapped region. Using these primers, one can easily pick up yeast artificial chromosome (YAC) or cosmid clones containing that region. A large number of mapped STSs makes it possible to construct a genetic physical map covering all regions of the genome. In the Rice Genome Research Program (RGP), a genetic linkage map of rice has been constructed by using the restriction fragment length polymorphism (RFLP) method (Kurata et al., in preparation), and sequencing of the mapped RFLP markers has been performed to generate STSs. 1 Sequenced cDNA clones have also been used as RFLP probes to generate large numbers of mapped STSs. However, the RFLP method is time-and labor-intensive and difficult to locate clones containing repetetive sequences on specific sites. Therefore, we use unique genomic or cDNA clones for mapping and there are still some regions with very few or no markers.
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The random amplified polymorphic DNA (RAPD) method is based on the polymerase chain reaction (PCR) using short (usually 10 nucleotide) primers of arbitrary sequences. Polymorphism of amplified fragments are caused by: (1) base substitutions or deletions in the priming sites, (2) insertions that render priming sites too distant to support amplification, or (3) insertions or deletions that change the size of the amplified fragment. 2 RAPD markers have been demonstrated as useful genetic markers 3 for a variety of eukaryotic organisms, including humans, fungi and plants.
This method has been utilized for setting of genetic markers or segregation analysis in yellow birch, 4 Recently, development of sequence-characterized amplified regions (SCAR) from RAPD markers has been demonstrated. 10 In this method, cloned and sequenced polymorphic fragments are used to design PCR primers to amplify the polymorphic regions. The inconvenience of using RAPD markers for screening of YAC or cosmid clones can be solved by establishing SCAR or STSspecific primers. A sufficient number of STSs enables us to generate YAC or cosmid contigs or to combine genetic linkage maps with physical maps.
In this study, RAPD analysis comparing japonica and indica rice and of 186 F2 individuals from a single cross [Vol. 1. of these parents was carried out using 60 random primers 10 nucleotide long. We tested these primers pairwise, for approximately 1,400 patterns, and generated 102 RAPD markers on all of the 12 chromosomes of rice. The loci on the map were determined by placing them onto a framework map of RFLP markers. Twenty of these mapped fragments were cloned and sequenced to determine STSs and STS-specific primers.
Materials and Methods

Plant materials and total DNA isolation
Japonica rice, cultivar Nipponbare, indica rice, cultivar Kasalath and the 186 F2 segregants derived from a cross of these parents were kindly provided by Dr. M. Yano (Hokuriku National Agricultural Experimental Station). DNA was extracted from green leaves by CTAB method. 14 
Primers
All oligonucleotide primers were synthesized using a DNA synthesizer (either model 394 or 380B, Applied Biosystems, Mountain View, CA, USA). The sequences of random primers used in this study are listed in Table  1 . Sixty arbitrarily designed 10 nucleotide primers were subjected to RAPD analysis. Then these primers were paired randomly for approximately 1,400 combinations (out of 1,800 possible combinations) and were also used for detection of RAPD markers. The advantage of random pairing of primers lies in increasing the variability of polymorphic fragments and also in reducing the cost of designing primers.
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Conditions for polymerase chain reaction
PCRs were carried out in a 20 /A reaction solution containing 20 ng of genomic DNA template, 1 /zM of each primer (2 /xM in cases of single-primer PCR), 200 HM each of dATP, dCTP, dGTP, and dTTP, 50 mM KC1, 10 mM Tris-HCl (pH 9.0), 2.5 mM MgCl 2 , 0.1% Triton X-100 and 1 unit of Taq DNA polymerase (Promega or Wako, Pure Chemical Industries, Osaka, Japan).
Amplification was carried out in a PTC-100 Programmable Thermal Controller (MJ Research, Inc.). Ninety-six-well MicroTestHI Flexible Assay Plates (Falcon) were used to hold the reaction mixtures.
Sixty decamer primers with arbitrary nucleotide sequences with G+C content of 40-70% were synthesized and used for RAPD analysis. First, single-primer PCRs were performed using each of these primers, and then combinations of two primers were tested. Amplification with two primers often showed different electrophoretic patterns from those with a single-primer and the chance of obtaining polymorphisms per primer increases greatly Table 1 . The sequences of 10-nucleotide random primers used in this study. RA1 to RA8 were designed based on the published sequences of rice genes, and others were designed randomly. RA1 to RA30 contain 4-6 G+Cs and RA31 to RA60 contain 7
G+Cs. RA02  RA03  RA04  RA05  RA06  RA07  RA08  RA09  RA10  RA11  RA12  RA13  RAM  RA15  RA16  RA17  RA18  RA19  RA20  RA21  RA22  RA23  RA24  RA25  RA26  RA27  RA29  RA28  RA30   GTCTGACGGT  CAGCTCAAGT  CGATCGAGGA  GCAGAGCATC  AAGCAGCAAG  TCTTCGAGGA  AGCACTTCGG  CACCGTTCTG  ACTCCGCAGT  GTCCTCTGAA  CGGTTTAACG  TGAGTACGTC  TATTGTCAGC  CGCGATTTGA  GACCATAGTC  CCGACAGCTT  ATTTTACGCG  ATGGCCTTTA  TAGACAGTCG  AATCGATACG  AGGCCGTATC  ATGAGTCCAC  CTAGCTGACG  TCAAACTCGG  TACATGACAG  CTGCAAAGAT  TAGCCGTCAA  TGCGGTCAAC  ATTTGATCGC  ACGCTGATCA   RA31  RA32  RA33  RA34  RA35  RA36  RA37  RA38  RA39  RA40  RA41  RA42  RA43  RA44  RA45  RA46  RA47  RA48  RA49  RA50  RA51  RA52  RA53  RA54  RA55  RA56  RA57  RA58  RA59  RA60   AACCGACGGG  TGCCCTGCCT  TGCGGACGTC  CTTGCCTCCC  AAGCTCCCCG  GGGGGTCGTT  TGTGGCCGGT  CGGCAGTACC  TGCTACGCCC  GGCGGACTGT  GAGTGCGCAG  CCGGACTGAG  CGCGGACGAT  TGGTCGCACG  TACCACCCCG  CCAGACCCTG  CGGGAACCGA  GAAGGCGCGT  GTCACTCCCC  GCTGTGCAGC  TGTCCGGGTG  GGCACCACCA  TCCGTCGTGG  CGTAGCGCGA  GGGCTCTAGC  GGTGGGCAGA  TGTCCACCGG  GCCCCATCAC  CGGGCAACGT  CATCGGCCCT and reduces the cost of synthesizing or purchasing a large number of primers. The PCR conditions for RAPD analysis were as follows: for pre-denaturation 1 min at 94°C followed by 45 cycles of polymerization reaction each consisting of a denaturation step for 1 min at 94° C, an annealing step for 2 min at 35° C and an extension step for 3 min at 72° C. The last cycle was followed by pause of 7 min at 72° C to ensure that primer extension reactions proceeded to completion. The PCRs using 20-mer primers specific to cloned polymorphic fragments were performed in the same way but the annealing temperature was changed to 60°C and the cycle number was decreased to 30.
RA01
2.4-Electrophoresis
Fragments generated by amplification were electrophoresed on 2% agarose gels and/or 4.5% polyacrylamide gels (19:1 acrylamide/bis) with 0.5xTBE buffer. Each gel was stained with ethidium bromide, visualized
Efficiency of primer combination for detecting polymorphism. The DNAs of rice cultivars Nipponbare and Kasalath were amplified with random primers indicated above and separated on 2% agarose gels. Primers were used singly and then mixed ('mix'). See Materials and methods for the details of reaction conditions and Table 1 for the sequences of random primers. M: molecular weight marker 0X/Hae I. N; Nipponbare DNA was used as template. K; Kasalath DNA was used as template.
by illumination with UV light and photographed.
Linkage analysis
The map positions of polymorphic markers were determined using MAPMAKER 15 by placing them onto a map of approximately 1,000 RFLP markers previously established by the Rice Genome Research Program. Our previous map containing 605 markers was already published. 16 The latest map will be reported separately (Kurata et al., in preparation).
Cloning and sequencing of polymorphic fragments
Polymorphic fragments were purified after separation by electrophoresis. Purified fragments were kinated by T4 DNA kinase, blunted by T4 DNA polymerase and ligated to Smal site of pBluescriptll SK+(Stratagene). We transformed E. coli NM522 with the resultant constructs. Single-stranded DNA extracted from 12 clones containing inserts of the appropriate length were used for the sequencing reaction using universal Dye-primer (Applied Biosystems) and Bca BEST DNA polymerase sequencing kit (Takara, Tokyo, Japan) according to the manufacturer's instructions. Sequencing was performed with an automated fluorescent DNA sequencer (Model 373A, Applied Biosystems).
Based on the determined sequences, pairs of 20-mer primers specific to polymorphic fragments were selected using OLIGO version 4.0 (National Biosciences, Inc).
Results
RAPD analysis by primer pairing
We synthesized 60 primers for RAPD analysis, 30 of which having a 40-60% G+C content and the other 30 with ca. 70% G+C. Random pairing of these primers for RAPD analysis is effective for detecting polymorphic fragments which are not detected when using each primer singly (Fig. 1) . Although purchase or synthesis of primers for RAPD analysis is expensive, random pairing enables us to screen 0.5 x N 2 primer pairs with N primers inexpensively. Besides, sequencing of cloned fragments revealed that polymorphic fragments often have different random primers on both ends when mixed primers were used in the reaction. Thus, primer mixing makes it possible to detect much more polymorphisms than using primers singly.
High (70%) G+C content of primers gave better results than the primers of 40-60% G+C content (33 versus 18 markers, respectively). Pairing of the high and low G+C content primers produced 51 markers. The length of the mapped fragments varied in the range 120-1700 bp, with an average of about 500 bp.
Generation of RAPD markers
One hundred and two RAPD markers were generated in all areas of the 12 chromosomes of rice (Fig. 2) . Although we determined the RAPD markers randomly, some regions were densely mapped, such as the distal end of chromosome 4, the middle of chromosome 5 and the middle of chromosome 6. The RAPD markers observed on chromosomes 1 and 8 were widely scattered. The number of mapped markers per chromosome varied from 3 (chromosome 3) to 16 (chromosome 6).
Several markers determined in this study were localized in the regions where no previous RFLP markers had been established. For example, a linkage group with several RFLP markers, which was previously unlinked to any of the 12 chromosomes, was connected to the upstream of chromosome 9 by generating RAPD marker P33. Table 3 Table 1. and P24 made the length of chromosome 7 almost twice as large as considered formerly. The telomeres of chromosomes 1, 6 and 8 were extended by RAPD markers. This shows that our method is useful to fill the gaps or to extend the RFLP linkage map of rice chromosomes. The sensitivity to detect polymorphism between Nipponbare and Kasalath depends largely on the resolution in electrophoresis. With 2% agarose gel electrophoresis 0.6-2 kb fragments could be distinguished. However, polymorphisms often appear in the shorter fragments after PCR and they could not be unambiguously detectedŴ ith 4.5% polyacrylamide gel electrophoresis, fragments of <100 bp-lkb are clearly separated (Fig. 3) . Joint use of both gels for electrophoresis enabled us to detect at least one polymorphism in almost every analysis. Thus a single F2 analysis could generate 1-8 RAPD markers.
Although RAPD markers are considered to be dominant, one co-dominant marker was found (P74) as shown in Fig. 4 . In this case, the third band larger than either of parental bands appeared heterozygous. The third band could be generated by misannealing between denatured ssDNAs of both parental fragments.
Determination of STSs and STS-specific primers
Twenty STSs were determined and STS-specific primers were designed ( Table 2) . Polymorphic bands were cloned and sequenced from both ends, and the resulting sequence data was used for primer design. Using OLIGO 4 software, an optimal primer-pair can be selected which has an appropriate T m value and G+C content, and which should not form a primer dimer or hairpin loops. Among the combinations of several primer pairs, specific pairs which produced only one fragment of PCR product were selected as STS-specific primers. Table 1 for the sequences of RA22 and RA32. P8  P9  P15  P27  P28  P29  P32  P33  P34  P35  P36  P37  P42  P53  P54  P56  P57  P61  P65   RA3+RA31  RA3+RA31  RA4+RA15  RA7+RA12  RA31+RA41  RA42+RA46  RA43+RA47  RA43+RA49  RA45  RA45  RA45  RA45  RA50+RA51  RA23+RA27  RA53+RA58  RA53+RA58  RA58+RA60  RA46  RA42+RA48  RA33+RA43   280bp   140  800  160  800  800   1100   650   1100   700  310  280  600   1100  1500   700  270   1100   350  300 LP0109  LP0115  LP0081  LP0119  LP0103  LP0093  LP0111  LP0089  LP0135  LP0083  LP0085  LP0087  LP0101  LP0315  LP0319  LP0324  LP0145  LP0137  LP0139  LP0321   GCAATCCAGTTTTTCCATTT LP0110  CGAGGAGATAGTGCGTATTA LP0116  GCAGAGCATCAGCCACTAAA LP0082  CTTATCGTGTAAATCTGCTC LP0120  CAGTTGTCTGTCTTTTTACA LP0104  GAGAGGAGGCACTGATTTAG LP0094  AGACCTTCAGACCGCTATGT LP0112  CATCTTTTGAACCCATCTCG LP0090  TAGTGCTAACAAATCAAAGC LP0136  ATGCCATCATCTTGGTTTAC LP0084  TCCTCTCCATCGTTCCTGAG LP0086  AGAAAAACGGCTGAAAATGC LP0088  GGTAGATAGTTCCTCTCATT LP0102  AGGGATACATTGTGTCTTGC LP0316  CATCACCTGCCACCAACTCC LP0320  ACACCCACAGTCTCCATCAG LP0325  TTCTGGTCAAACTGTGAAAG LP0146  AAGAGAAAGTGAAGTGTAAC LP0138  GGCAAGAGAACATCGGTAGC LP0140  CCAATACAGCAGATAGACAT LP0322   AACCTTCCCTCTTCATCAAG  CTATTAGCGGAAAGAGCAAG  TGCAAGTGTGTCTTACCTAG  TATGTCACCTATCATTGGAA  CCTCTAATCTGCGGAGTCAT  TGATAGCAGCAATGGTTTTT  CGGACGATGGTGGTTCTGAT  GTCTCCATCTCTTTTACCTC  TCACAAGAGGTTTTCATCCA  AATCATCTTCCACATTCCTC  TTGACCGACTGATGAGGACA  ACGCTGACTAATCCCTCCTA  TTTACTGCGTGGCTTGCTGA  CACGGTATGGAAAGAGGTGA  ATCGCCCTAAACAAAACCTG  CAAGGCATTATTATTACCAT  GGTGATACCTTGGAGAAATC  CTGATGGTAGCAAGAGTAAC  GTGTCAGATACAACCTTTTT  CAGGAAGAACCAGTAAAATC The fragments amplified with selected 20-mer primers (STS-specific primers) were much shorter than the original polymorphic bands because of the position of STSspecific primers settled inner side of the cloned RAPD fragments. These primers could be used for screening a YAC library.
Although we did not design STS-specific primers to give polymorphisms between Nipponbare and Kasalath, 4 of 20 pairs of STS-specific primers (P9, P36, P33, and P61, see Table 2 ) produced dominant polymorphisms, with a fragment in Nipponbare and with no band in Kasalath, which agreed with the pattern of RAPD analysis. In these cases, additional F2 analyses were performed using newly selected 20-mer primers. The segregation pattern of the new polymorphic bands amplified with the STS-specific primers were identical to that of a) M N K 1 2 3 4 5 6 M 7 8 9 10 11 12 13 14 b) Figure 5 . An example of F2 analyses both with original random primers (a) and with STS-specific primers determined in this study (b). a) RAPD analysis was performed using DNAs of Nipponbare, Kasalath and 13 F2 individuals as templates and RA4 and RA15 as random primers. Polymorphic fragment showed by an arrow was mapped as RAPD marker P9 (Table 2) . b) PCR analysis was performed using sequence tagged site (STS)-specific primers LP0081 and LP0082. Polymorphic fragment mapped as P9 was cloned and sequenced and the primers were designed based on the determined sequence. Table 2 shows the sequences of LP0081 and LP0082.
the original RAPD (Fig. 5 ). Other (16 out of 20) STSspecific primers amplified the same sized fragments from both parents, Nipponbare and Kasalath. To identify the cloned fragments, hybridizations of the cloned fragments to Southern blots of RAPD of F2 individuals was carried out using the cloned fragment as a probe. Then we confirmed that the hybridization pattern was identical to the segregation of RAPD (Fig. 6) . As described by Paran et al., 10 this hybridization check is critical when generating STSs from RAPD markers and when determining STS-specific primers.
Thus, we checked all 16 cloned fragments by hybridization. Together with the 4 pairs which showed polymorphisms, 20 pairs of STS-specific primers were determined ( Table 2 ).
Discussion
The advantages of RAPD mapping are: (1) cost effectiveness, (2) the fact no sequence information of template DNA or synthesizing of specific primers is required, (3) relatively low amount or purity of template DNA can be used, (4) rapidity and technical ease, and (5) ability to generate markers in the regions containing repetitive sequences. On the other hand, the disadvantages are: (1) relatively low accuracy of linkage analysis because of its dominant nature, (2) high sensitivity to PCR conditions, and (3) difficulty of direct use for screening YAC or cosmid libraries. The third disadvantage, however, can be overcome by determining specific primers based on the sequence of the polymorphic fragments, i.e., determining STSs.
In this study, we produced 102 RAPD markers on all 12 chromosomes of rice using DNAs of Nipponbare, Kasalath and the F2 population generated by a single cross of these parents. We synthesized only 60 primers Table 1 for sequences of RA50 and RA51). The fragment indicated by the arrowhead was mapped as a RAPD marker P37 (see Table 2 ). b) Hybridization of cloned fragment to the Southern blot of the gel shown in a). Note that the patterns of hybridization signals were consistent with the segregation of the mapped fragment.
for RAPD analysis, and over 1,400 screenings were possible by using these primers pairwise. We cloned mapped fragments for determination of STSs, but the possibility of miscloning an adjacent fragment could not be discounted. For identification of cloned fragments, we performed Southern hybridization of RAPD products of F 2 individuals using each cloned fragment as a probe. Then we sequenced the identified fragments and designed 20-mer primer pairs specific to the determined sequences (STS-specific primers). Sixteen of 20 pairs of STS-specific primers designed in this study amplified fragments of the same size from all genotypes. These primers have the advantage that they can be utilized for screening a library derived from either parental DNA. The remaining 4 pairs amplify fragments only from a single allele. In these cases, these primers can be used directly for verification of mapped loci (Fig.  5 ) and identification of fragments may not be necessary. Although the library screening will be useful only for the parent DNA possessing the amplifiable allele, redesigning the primers may solve this problem.
STSs mapped by RFLP or RAPD analysis, will be very useful because YAC or cosmid libraries containing the region of interest can be screened rapidly using synthesized primer pairs which are capable of amplifying the specific region. If sufficient numbers of mapped STSs are available, a complete physical map comprising the entire genome can be constructed. In the Rice Genome Research Program (RGP), sequenced cDNA clones have been used as probes for RFLP mapping, and mapped RFLP markers have already been converted into STSs. 1 Screening and connecting of YAC or cosmid clones for construction of the physical map using mapped STSs has also been started.
So far we have not found obvious repetitive sequences in the cloned fragments of RAPD markers. However, in preliminary experiments, hybridization of cloned fragments to the blots of restriction endonuclease digested Nipponbare DNA often showed smeared signals. This suggests that these fragments contain repeated or highcopy sequences (data not shown).
Although the RAPD markers determined in this study were scattered on all chromosomes, there are still some regions possessing no markers for 10-20 cM (Fig. 2) . Our next challenge is to generate linkage markers in these regions to fill the gaps or to tag genes of interest, by such means as bulked segregant analysis, as well as to provide sufficient numbers of linkage markers and mapped STSs. P5  P3  P56  P7  P81  P69  P121  P29  P31  P78  P59  P72  P41  P12  P98  [P73   chr.7  (R1744  P24  P13  P132  P58  P35  P120  P82  [C794B 
